Unveiling virus-host interactions are relevant for understanding the biology and evolution of microbes globally, but in particular, it has also a paramount impact on the manufacture of fermented dairy products. In this study, we aim at characterizing phages infecting the commonly used heterofermentative Leuconostoc spp. on the basis of host range patterns and genome analysis. Host range of six Leuconostoc phages was investigated using three methods (efficiency of plaquing, spot and turbidity tests) against
. To date, fourteen complete genome sequences of Leuconostoc phages have been deposited in public databases, including two lytic Leuconostoc mesenteroides phages sequenced by our group (Pujato et al., 2015) . All the analyzed sequences of Leuconostoc phages (which includes a temperate phage) present linear, double-stranded DNA genomes, ranging from 26 to 39 kb in length, with GC content of 36 to 39 %, and are composed of between 38 and 50 predicted open reading frames (ORFs) (Jang et al., 2010; Kleppen et al., 2012; Kot et al., 2014; Lu et al., 2010; Pujato et al., 2015) .
It is known that for most phages investigated in the laboratory, host species specificity is the rule, since phages attach to very particular receptors placed on the surface of host cells (Chibani-Chennoufi et al., 2004; Legrand et al., 2016) . In agreement, most phages attacking lactic acid bacteria have a quite narrow individual host range limited to a variable number of strains within a particular species (Guglielmotti et al., 2009; Rousseau and Moineau, 2009) , and phage sensitivity depends on the presence of specific binding sites (called receptors) on the cell wall ( Briggiler Marcó et al., 2011) . A recent study demonstrated that the the baseplate structure of phage Tuc2009 contains, in contrast to other characterized lactococcal phages, two different carbohydrate binding modules that may bind different motifs of the host's surface polysaccharide (Legrand et al., 2016) .
Unusually, a broad host range was observed for particular phages that were able to infect two strains belonging to different lactobacilli species (Lu et al., 2003) . Regarding Leuconostoc, phages infecting Ln. mesenteroides strains have been reported to be unable to infect Ln. pseudomesenteroides strains and vice versa (Ali et al., 2013; Kot et al., 2014) . Accordingly, comparison of the complete sequence of nine phages lytic of Ln.
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A N U S C R I P T 5 mesenteroides or Ln. pseudomesenteroides allowed grouping them into two classes, which correlated with host species. Moreover, similarity at nucleotide and protein level within each class was very high and significantly different from the other one (Kot et al., 2014) .
In the present work, host range of six Leuconostoc phages was studied by three methods: spot and turbidity tests and efficiency of plaquing. This allowed us to demonstrate cross-species host specificity, as phages were capable of infecting both Ln. pseudomesenteroides and Ln. mesenteroides strains. Additionally, complete genome sequences from four out of the six studied Leuconostoc phages were obtained in this work, while the other two had been previously sequenced. Genome organization of the studied phages was analyzed, and comparison with previously sequenced genomes was carried out. A direct relationship between the amino acid sequence deduced from the gene coding for the receptor binding protein (RBP) and host range pattern was found.
According to our knowledge, this is the first report of overlapped phage host ranges between Leuconostoc species.
Materials and Methods
Bacterial strains, phages and culture conditions
Six Siphoviridae phages named LDG, CHA, CHB, Ln-7, Ln-8 and Ln-9, as well as their respective indicator strains, Leuconostoc pseudomesenteroides R707 and Leuconostoc mesenteroides C19A, C19B, D4b, D6a and L79-1, were used (Pujato et al., 2014 (Pujato et al., , 2015 ( Table 1) . These Leuconostoc phages were previously isolated during faulty industrial manufactures of blue-veined cheeses (Pujato et al., 2014) . Each strain used for the initial
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A C C E P T E D M A N U S C R I P T 6 isolation of the respective phage was defined as its indicator strain. Ten Ln. mesenteroides and three Ln. pseudomesenteroides strains (Table 1) were additionally used in the host range analysis. Identification of strains was verified by sequencing of the 16S rRNA gene (1500 bp fragment) according to Edwards et al. (1989) . It is worth noting that strain R707 (indicator for phage LDG), previously identified as Ln. mesenteroides (Pujato et al., 2014) was reclassified as Ln. pseudomesenteroides. Phages were propagated on the corresponding indicator strain and stocks prepared as described by Neviani et al. (1992) 
Host range, efficiency of plaquing and adsorption rates
Strain cross-sensitivity was investigated using the spot and turbidity tests as described by Svensson and Christiansson (1991) and efficiency of plaquing (EOP) assay. EOP was defined as the ratio between pfu/mL for a given phage on a sensitive strain and pfu/mL on its indicator strain. The three methods were carried out for the six phages on all the strains listed in Table 1 .
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Briefly, to carry out the spot test, log-phase bacterial cultures were mixed with MRS soft agar (0.6 % w/v) and plated as thin top layer on MRS-Ca agar plates. Aliquots of 10 μL of high titer stock phages (between 5x10 9 and 5x10 10 pfu/mL) were spotted onto the plates. After incubation at 32 °C for 18 h, the presence or absence of lysis zones was observed and recorded (Svensson and Christiansson, 1991) . Turbidity test was performed by inoculation of tubes containing 5 mL of MRS-Ca broth with 0.2 mL of an overnight culture of indicator strains and 0.2 mL of stock phages (between 5x10 9 and 5x10 10 pfu/mL). Tubes containing only the bacterial cultures were used as controls. A total of five subcultures were made (32 °C), and a decrease in turbidity in test tubes compared with that of the control, was considered as positive (Svensson and Christiansson, 1991) . The EOP was calculated for the six phages on all the strains listed in Table 1 . The three methods were performed by triplicate in independent trials.
Adsorption rates were determined for all phages on all the indicator Leuconostoc strains listed in Table 2 , as previously described (Pujato et al., 2015) . Briefly, each strain was grown in MRS broth until OD 560 reached 0.5 (early exponential growth phase), centrifuged (5000 ×g, 5 min, 4 °C) and resuspended in MRS broth (final cell concentration between 3 × 10 8 and 5×10 8 cfu/mL). Phages were added to bacterial suspensions and incubated 20 min at 32 °C for adsorption to take place. After adsorption, aliquots of mixtures were centrifuged (10,000 ×g, 5 min, 4 °C) to sediment phage-adsorbed bacteria.
Then, the phage titer was determined in the supernatant (non-adsorbed phages); the number of adsorbed phages was calculated as the percentage of the difference respect to the initial phage count. The assays were performed by triplicate in independent trials.
In the case of low EOP values (Table 1) , phages from these plaques were verified for their ability to propagate on the low-EOP hosts. Briefly, after the EOP was obtained (first assay), one or two lysis plaques obtained from the titration on the low-EOP host strain, were picked up and suspended in 5 mL of MRS-Ca broth. Phage suspensions were kept 16 h at 4 °C and then inoculated with an overnight culture of the same strain (low-EOP host) and incubated at 32 °C until lysis. The lysate obtained was filtered and titrated on the same low-EOP host strain. All assays were performed in triplicate.
Viral DNA purification
DNA to be sequenced was purified from phages LDG, CHA, CHB and Ln-7. Aliquots of 15 mL of phage stocks were centrifuged (10000 ×g, 10 min, 4 °C) and the supernatants (Staden, 1996) .
Bioinformatics analysis
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A C C E P T E D M A N U S C R I P T The phylogenetic analysis was performed on 28 LAB phages using Gegenees (version 2.2.1), which employs a fragmented 'all against -all comparison' of the genomes and builds a distance matrix file suitable to construct a phylogenetic tree. The phylogenetic tree was built by NJ (Neighbor-joining) method using SplitsTree software (version 4.14.4).
The elements of the matrix correspond to ANI (Average Nucleotide Identity) values.
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Nucleotide sequence accession numbers
The complete genome sequences of phages LDG, CHA, CHB and Ln-7 were deposited in GenBank under accession numbers KX555527, KX578044, KX578043 and KX578042, respectively.
Results and discussion
Host range, efficiency of plaquing and adsorption rates
Host range of Leuconostoc phages LDG, CHA, CHB, Ln-7, Ln-8 and Ln-9 was investigated by applying three methods: spot and turbidity tests, and efficiency of plaquing (EOP). With this aim, fifteen strains of Ln. mesenteroides and four of Ln.
pseudomesenteroides were used (Table 1) .
Analysis of EOP values for the studied phages evidenced four different host range patterns, as defined by the list of strains infected by a particular phage with either high or low efficiency. Specifically, similar patterns were revealed for phages CHA and CHB and for Ln-7 and Ln-8; while patterns were distinctive for phages Ln-9 and LDG (Table 1) .
According to turbidity and spot tests, phage LDG was able to infect both Ln.
mesenteroides and Ln. pseudomesenteroides strains. Regarding EOP, low values (EOP <8x10 -7 ) were obtained when this phage infected Ln. mesenteroides strains. Likewise, phages CHA, CHB, Ln-7, Ln-8 and Ln-9 were also able to infect both Ln. mesenteroides and Ln. pseudomesenteroides strains, even if different efficiency of plaquing were obtained (Table 1) . These results showed an unexpected ability of infecting both Ln. mesenteroides
and Ln. pseudomesenteroides strains by all the phages assayed. This interspecies crossinfection by Leuconostoc phages has not been described in the literature before. However, data concerning the virulence of Leuconostoc phages are scarce and only a few studies are documented (Atamer et al., 2011; Kot et al., 2014) . In general, most phages attacking lactic acid bacteria have a quite narrow host range (Chibani-Chennoufi et al., 2004) . The literature only documented a few cases of cross-species phage sensitivity, as two phages isolated from sauerkraut fermentations that were able to infect equally two ecologically related Lactobacillus species, namely Lb. brevis and Lb. plantarum (Lu et al., 2003) .
Most studies about host range are usually carried out by applying only spot test.
However, the low sensitivity of the method may lead to some false negative results. In the present study, when infection occurred (lysis plaques observed on EOP assays), turbidity test was mostly positive (90 % of assays), while a high number of negative results was evidenced in spot test (61 % of assays) ( Table 1 ). The use of three methods (spot and turbidity tests, and EOP) undoubtedly increased the accuracy of results. In consequence, it should be recommended the use of at least one more assay, besides spot test, in order to avoid mistaken results.
Regarding adsorption assays, all phages were able to adsorb on all the strains tested, both Ln. mesenteroides and Ln. pseudomesenteroides, though with different adsorption rates ( Table 2) . As expected, each phage was able to adsorb at high rate (> 98.2%) both on its indicator strain or on those highly related (Pujato et al., 2014) . Also, moderate or high adsorption rates were obtained when phages were assayed on the low-EOP host strains,
i.e. 81.0-95.5 % (phage CHA), 79.2-90.0 % (phage CHB), 76.1-95.1 % (phage Ln-7), 42.8-
90.2 % (phage Ln-8), 63.8-82.9 % (phage Ln-9) and 41.1-70.0 % (phage LDG) (Table 2) .
Therefore, no clear correlation between low EOP values and adsorption rates could be established. Besides, in order to verify the ability of low-EOP host strains to propagate phages by crossing the Leuconostoc species' barrier, some host/phage systems were selected and investigated (Table 3 ). According to the results obtained, all phages assayed were able to propagate, achieving high titres (> 1.2x10 9 pfu/mL), on the selected low-EOP host strains (Table 3) . These results confirm, once more, the ability of the assayed phages to infect and cross the barrier of the two Leuconostoc species assayed, namely Ln.
mesenteroides and Ln. pseudomesenteroides.
Comparative genomics of Leuconostoc phages
Phages LDG, CHA, CHB and Ln-7 all revealed dsDNA, with genome sizes ranging from 26.5 to 28.9 kb, in accordance to those previously reported for other Leuconostoc phages (Kot et al., 2014; Pujato et al., 2015) . The genomic G+C content ranged from 35.9 % (phage CHB) to 36.3 % (phage LDG), which is also similar to that reported for Ln. mesenteroides subsp. mesenteroides strains (37 %) and the Leuconostoc phages in general (Kot et al., 2014; Makarova et al., 2006; Pujato et al., 2015) . Regarding the genome extremities, all phages studied are cos-type. The presence of a cos-site suggests the phage DNA circularization upon entry into the host. The cos sequence of phages CHA, CHB and Ln-7 (5'-GGTTAATAGTAGTCTTTTTGAA-3') was identical to the 22 nucleotide (nt) cos-site previously reported for other phages infecting Leuconostoc strains, namely Ln-8 (Pujato et al., 2015) and 1-A4 (Lu et al., 2010) . Additionally, this cos sequence was very similar, mesenteroides (5´-TAGGAGGT-3´).
Deduced ORFs were located on either DNA strand at equivalent proportions. The putative functions of the genes, based on the similarities to already known sequences, are listed in Tables 4 and 5. A phylogenetic tree was generated comparing whole genomes of a total of 28 phages infecting different lactic acid bacteria (Fig. 1) 
phages infecting Ln. pseudomesenteroides strains, e.g. ΦLN04 (>72 % ANI) and ΦLN12
(>68 % ANI) (Kot et al., 2014) .
Function assignment and genomic organization of Leuconostoc phages
As for many siphophages, the genome of Leuconostoc phages is organized into five functional modules (Lu et al., 2010) : DNA packaging, morphogenesis (capsid and tail), cell lysis, DNA replication and regulation/modification. Based on their nucleotide sequence, the four analyzed phages can be divided into two groups. The first one (group I) was constituted by phages CHA, CHB and Ln-7, while phage LDG was included into the second group (II) (Figure 2 ). Phages included in the first group revealed high similarity with phages infecting mostly Ln. mesenteroides strains, while phage LDG (from the second group) was highly similar to a phage infecting Ln. pseudomesenteroides.
In general, Leuconostoc phages analyzed presented five genes encoding proteins which may be involved in phage DNA replication (Fig. 2) . However, the analysis of phage CHB revealed an additional gene (ORF9) predicted to encode for the HNH endonuclease.
Furthermore, ORF10 and ORF11 of phage CHB may code for one hydrolase, being strongly similar (99 % identity) to the hydrolase encoded by phage LNTR3 (Kot et al., 2014) (Table   4 ). Experimental data are needed to confirm if these two ORFs produce a functional protein.
The terminase enzymes participate in phage DNA packaging into the procapsids. They are heteromultimers composed of a large subunit and small subunits (Duffy et al., 2002) .
The genes encoding terminase small subunits are located upstream the terminase large
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A C C E P T E D M A N U S C R I P T 16 subunit gene. Phages CHA, CHB and Ln-7 revealed two ORFs upstream the terminase large subunit gene, while products derived from these two ORFs are likely to be the small terminase subunits (Fig. 2 and share high similarity with the putative small and large terminase subunits from various Ln.
pseudomesenteroides phages, such as ΦLN6B (Kleppen et al., 2012; Kot et al., 2014) (Table   5 ).
The gene encoding the tail tape measure protein is located within the morphogenesis module. The name of this protein derives from the length of the corresponding gene, which is proportional to the length of the phage's tail (Katsura and Hendrix, 1984) . ORF22
and ORF25 of phages CHA and CHB, respectively, showed several characteristics in common and identical sizes (914 aa) with the tail tape measure protein from phage ΦLNTR3 of Ln. mesenteroides (Kot et al., 2014) . Moreover, for phage Ln-7, the product derived of merging those of ORF23 (298 aa) and ORF24 (597 aa), shows great similarity (99 % identity) to the putative tail tape measure protein encoded by phage Ln-8 (855 aa) (Pujato et al., 2015) (Table 4) . For phage LDG, the merged product obtained from ORF18
and ORF19 showed some similarity to the putative tail tape measure protein of Ln.
pseudomesenteroides phage P793 (Kot et al., 2014) ( Table 5) (Table 4 and 5). In prokaryotes, the major role of DNA methylation is to protect host DNA against degradation by restriction enzymes (Cheng, 1995) .
Correlation between receptor binding protein and host range patterns
The first interaction of a phage particle and a bacterium is mediated through the specific recognition between host receptors distributed over the cell surface and the
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Conclusions
In the present study, six dairy Leuconostoc phages were characterized on the basis of Our results show that phages presenting similar RBP region were able of infecting the same Leuconostoc strains with high efficiency. However, other phages with dissimilar RBPs were also capable of infecting the same strains but with much lower efficiency. All these data emphasize principally the overlapped host ranges of Leuconostoc phages on both Ln. mesenteroides and Ln. pseudomesenteroides strains. 
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A C C E P T E D M A N U S C R I P T Table 4 . Open reading frames (ORFs) deduced from the genome of Leuconostoc phage CHA and homologues ORFs in Leuconostoc phages CHB and Ln-7. 
